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Abstract 
Pretreatment of straw for bioethanol production is estimated to account for 33% of the total cost of 
bioethanol production. The selection of an appropriate pre-treatment technique remains one of the major 
challenges in developing economically viable technologies for bioethanol production from straw. Several 
pre-treatment techniques have been considered by different workers including mechanical pre-treatment, 
irradiation, chemical, fungal and hot water treatment. Review of available pre-treatment techniques and 
the factors that are most relevant in the choice of an appropriate pre-treatment can play an important role 
in increasing the efficiency of bioethanol production. 
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1. Introduction 
Of the agricultural by-products available in large quantities, straws can provide if utilized efficiently 
appropriate feedstocks for competitive energy production with consequent reduction of dependence on 
fossil fuels. In China alone, it is estimated that 400 million tonnes of wasted straw could be used as a 
substitute for 200 million tonnes of coal [1]. Straws may also be mixed with other ligneous and waste 
materials such as paper mulberry, sawdust and livestock excretions to provide biomass material suitable 
for energy production. The use of straw in large-scale biomass power plants is becoming widespread in 
countries of the European Union, with several facilities already online, particularly in Denmark where 
straw is the most abundant biomass resource. A new generation of small scale (less than 20 MWe) 
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biomass-fuelled power plants has also been developed based on a gas turbine (Brayton cycle) prime 
mover. These power plants were expected to increase the efficiency and lower the cost of generating 
power from straws and other biomass fuel [2].   
The utilization of straws for energy production includes the production of liquid, gaseous and solid fuels. 
Of the liquid fuels that may be produced from straws through liquid fermentation, bioethanol fuel may be 
the most important.  
Due to its high cellulose and hemicelluloses content that can be readily hydrolyzed into fermentable 
sugars and other characteristics, straw makes an attractive material for the production of bioethanol fuel. 
Rice straw in particular is an especially attractive material for bioethanol production but several 
challenges and limitations occur in the process of converting it to ethanol due to the presence of high ash 
and silica content in rice straw. The abundance and high carbohydrate content of barley straw make it a 
good candidate for bioethanol production in Europe [3]. 
Bioethanol with its high oxygen content and octane no. is presently the cleanest and may be the only real 
renewable alternative to gasoline. There is evidence to indicate that its use in cars will lead to enhanced 
engine performance and reduced emission of CO. Only minor modifications to engines are needed for 
cars to run on fuel blends of gasoline with up to 30% ethanol. New cars can also be made with engines 
designed to run on pure ethanol. 
The global production of bioethanol showed an upward trend over the last 25 years with a sharp increase 
from 2000. Worldwide annual production capacity in 2005 and 2006 were about 45 and 49 billion litres, 
respectively and total output in 2015 is forecast to reach over 115 billion litres [4]. Brazil was for a time 
the largest bioethanol producing country, but in 2005, the United States passed Brazil and became the 
world’s number one ethanol producer. Bioethanol production from non-food biomass resources as 
feedstock is of particular relevance in countries with large populations and growing gasoline consumption 
such as Brazil, Egypt, China and India. About 3.9 billion litres of ethanol can be produced from rice straw 
and bagasse in China and India [5]. 
The processes involved in bioethanol production include an appropriate pre-treatment, hydrolysis of the 
straw to convert the cell walls to simple sugars, anaerobic fermentation to convert the sugars to ethanol, 
and finally distillation.  
The objectives of pre-treatment are to open up the cell wall materials for enzymatic attack, increase the 
surface area and porosity of the substrate, reduce the crystallinity of cellulose and disrupt the 
heterogeneous structure of cellulosic materials [4]. By modifying the structure of cellulose-hemicellulose-
lignin matrix by the application of pre-treatment methods, the natural binding characteristics of 
lignocellulosic biomass can be enhanced [6]. 
Pretreatment is estimated to account for 33% of the total cost of bioethanol production from straw [7] and 
the selection of an appropriate pre-treatment technique remains one of the major challenges in developing 
economically viable technologies for bioethanol production. The choice of an appropriate pre-treatment 
method plays an important role to increase the efficiency of enzymic digestibility and enzymic 
saccharification of the straw. The factors that are most relevant in this choice include solid loading, 
reaction temperature and energy balance, reaction time and minimum use of chemicals as well as some 
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environmental factors such as wastewater treatment, catalyst recovery and solvent recycling. Higher 
reaction temperatures are generally accompanied with shorter reaction times [4, 8]. 
For pre-treatment the straw may be subjected to mechanical pre-treatment, irradiation, chemical, fungal or 
hot water treatment [4, 54].  
2. Mechanical Pre-Treatment 
Mechanical pre-treatment in the form of size reduction through chopping, milling or grinding can lead to 
significant improvement of enzymatic hydrolysis of straw. Release of glucose and xylose from the 
smallest straw particles (53–149 μm) increased with 39% and 20% of the theoretical maximal values after 
24 h of hydrolysis when compared to the reference sample (2–4 cm). However, the use of very small 
particles may not be desirable due to higher energy consumption in the milling stage [4]. Although 
additional delignification was found to reduce energy consumption significantly, the mechanical size 
reduction alone would require almost prohibiting amount of energy for fuel ethanol production [9]. 
Various types of size reduction equipments, including a multi-blade cutter, a hammer mill, a refiner, and a 
colloid mill, were used for the pre-treatment of rice and other straws. Hammer mills are normally 
preferred as they are relatively inexpensive, easy to operate and because of their ability to finely grind a 
greater variety of materials than any other machines and produce a wide range of particles [10, 11]. 
Hammer mill screen opening size may be the most significant factor affecting mill performance [12] and 
mean particle size [13]. Mechanical pre-treatment in the form of ball milling was found to be ineffective 
in the case of rice straw [14]. 
Size reduction is an energy intensive unit operation. Energy consumption of grinding depends on many 
factors including initial particle size, moisture content, material properties, feed rate of the material and 
machine variables. 
A number of studies were conducted to measure the specific energy requirements of a hammer mill used 
to grind wheat straw [4, 15]. When the moisture content was decreased from 19.6 to 9.2% the specific 
energy consumption of grinding was reduced from 232.0 to 53.0 kWh t-1 [16]. The specific energy was 
also decreased in general with an increase in speed and with an increase in hammer degrees. The total 
specific energy for grinding wheat straw using a hammer mill operating speeds of 33.3-60 Hz for 3.2 mm 
screen size and mass input rate of 2.5 kg/min with 90°- and 30°-hammers increased by 30% from 34.8 
kWh t-1 [17]. 
Generally speaking, the specific energy required to grind agricultural biomass significantly increases with 
a decrease in hammer mill screen size from 30 to 1.6 mm due to the fact that the material throughput 
decreases with a decrease in screen size [18]. 
In one study, the specific energy consumptions for grinding wheat straw with the hammer mill screen 
sizes of 0.8 and 3.2 mm were found to be 51.6 and 11.4 kWh t-1, respectively [4]. Another study observed 
that total specific energy for size reduction of wheat straw using 1.6 mm hammer mill screen size was 
twice that for a 3.2 mm screen [19].  
Grinding experiments were conducted by Adapa et. al. on barley, canola, oat and wheat straw using a 
forage chopper and a hammer mill (screen sizes of 30, 6.4, 3.2 and 1.6 mm) to determine specific energy 
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requirements, and geometric mean particle size and distribution of ground material [18]. Specific energy 
required by hammer mill showed a negative power correlation with hammer mill screen sizes. The 
specific energy required to grind barley, canola, oat and wheat straw from 6.4 to 1.6 mm hammer mill 
screen size increased by 204, 188, 156 and 247%, respectively. The highest specific energy was 
consumed by wheat straw (42.57±2.04 kWh t-1) at 1.6 mm and the lowest by canola straw (1.46 ± 0.30 
kWh t-1) using 30 mm hammer mill screen size. The chopper consumed highest specific energy 
(3.15 ±0.09 kWh t-1) to chop barley and lowest specific energy (1.96 ±0.33 kWh t-1) to chop canola straw. 
The particle density of canola and oat straw significantly increased with a decrease in hammer mill screen 
size from 30 to 1.6 mm [18]. 
3. Irradiation 
Irradiation can be very effective as a form of pre-treatment for enzymic hydrolysis of straw and other 
cellulosic materials [20]. The irradiation pre-treatment was found to accelerate the subsequent enzymic 
hydrolysis of rice straw by cellulose [21]. The straw may be irradiated by 6Co-γ ray or electron beam 
accelerator [20, 22]. Gamma irradiation of rice straw can significantly increase the acid hydrolysis of the 
straw where the yields of reducing sugar were higher with increasing radiation dose. The irradiated rice 
straw was a better growth medium for the cellulolytic microorganism, Myrothecium verrucaria, than the 
non-irradiated material. This was attributed to increased digestibility of the cellulose by the 
microorganism [21]. 
4. Chemical Pre-Treatment 
For the chemical pre-treatment of straws, different chemicals may be employed including acids, alkalis 
and oxidizing agents such as peroxide and ozone. 
Concentrated or dilute inorganic acids such as H2SO4 may be used in the acid pre-treatment of straws. 
Using acid pre-treatment, hemicellulose can be effectively removed from the straw, providing high yields 
of fermentable sugars. The yield of monosaccharides produced by enzymic hydrolysis of the straw pre-
treated by this method was found to be 46 g/l [23].   
In the concentrated acid treatment the acids are used at ambient temperatures. This treatment has the 
advantage of not using any enzymes for saccharification. It can also result in high sugar yields. On the 
other hand, its application can be largely limited by high acid and energy consumption, equipment 
corrosion and longer reaction time as well as the obligation for acid recovery after treatment [4, 24, 25].  
Among acid pre-treatment methods, dilute acid pre-treatment using H2SO4 is the most-widely used 
method. Compared to other chemical methods, dilute acid pre-treatment is more efficient in hemicellulose 
solubilisation. High temperatures are employed in this process in order to accelerate the rate of 
hemicellulose sugar decomposition and attain acceptable rates of cellulose conversion to glucose. 
According to Xue et. al., the best pre-treatment method for rice straw is acid-catalyzed hydrolysis with 
high temperature and hot water [26]. When rice straw was treated with dilute sulphuric acid at a 
temperature of 121ºC for one hour, the maximum sugar yield after hydrolysis was 84 g/l [27].  
In order to decrease sugars degradation, a two-stage process has been developed where hemicelluloses 
sugars are released in the first stage under milder conditions followed by the second-stage hydrolysis of 
cellulose-rich solid residue performed under harsher conditions. Depending on the nature of 
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lignocellulosic feedstock, a range of temperatures between 140 and 190ºC in the first stage and 190–
230ºC in the second stage is commonly used [25, 28].  
The effects of both concentrated- and dilute-sulphuric acid pre-treatments on wheat straw were evaluated 
by Saha et al [28]. Concentrated and dilute acid treatments yielded 49% and 63% of the total sugars 
content. Kootstra et al. [29] investigated the use of sulphuric acid in the acid pre-treatment of wheat straw 
as compared with fumaric and maleic acids. Pre-treatments were performed at 130, 150 and 170ºC for 30 
min. At the highest temperature, the yield of glucose after enzymatic hydrolysis reached 98% and 96% 
for sulphuric acid and maleic acid, respectively. Fumaric acid was less effective than maleic acid. The 
highest yield of xylose (ca. 80%) was obtained with H2SO4 pre-treatment at 150ºC, however, the yield 
decreased at 170ºC due to partial degradation of xylose to furfural. The maximum xylose yield at 170ºC 
was obtained with treatment using maleic acid. The authors concluded that maleic acid pre-treatment of 
wheat straw is almost as effective as sulphuric acid in respect to enzymatic digestibility where more 
xylose and less furfural are produced. 
On examination of the microscopic structure changes of hot acid-treated cellulosic feedstocks by using 
BET, SEM/EDX, XRD and pyrolysis-GC-MS, it was found that both the surface area and pore volume of 
treated samples were significantly increased due in part to the dissolution of silica and organic polar 
components. The available cellulose was exposed and the amorphous hemicellulose hydrolyzed and 
removed as a result of the hot acid pre-treatment and the crystallinity index increased [30]. 
Alkaline pre-treatment, as well as ozonolysis, peroxide and wet oxidation pre-treatments are more 
effective in lignin removal than the acid pre-treatment process [4]. The alkaline process is based on the 
utilization of dilute bases at lower temperatures and pressures than other pre-treatment technologies. 
Calcium, sodium, potassium and ammonium hydroxides are suitable alkaline agents for pre-treatment. 
The high cost of the alkalis may however hinder the wide application of this method, although the 
efficiency of the alkaline pre-treatment can be further improved if it is used in combination with other 
pre-treatment methods such as fungal, oxidative or wet oxidation treatments.   
Pre-treatment of wheat straw by calcium hydroxide was investigated by Chang et. al. Under 
recommended conditions of short treatment times (1–3 h) and high temperatures (85–135ºC) or long 
treatment times (e.g. 24 h) and lower temperatures (50–65ºC) the yield of reducing sugars was increased 
by a factor of 10 compared with untreated wheat straw [31]. 
Following pre-treatment in 0.5N NaOH rice straw showed dramatic increase in conversion to ethanol 
by >350% over the untreated straw; the conversion attained was 74.0%, which represents 66.7 gal 
Ethanol/dry ton of straw [14]. 
A treatment that is more effective in improving crop residue digestibility compared with NaOH treatment 
alone is an alkaline/oxidative pre-treatment at mild temperatures using an oxidizing compound such as 
hydrogen peroxide (H2O2) or peracetic acid (C2H4O3) in combination with the alkaline. Treatment of 
wheat straw with NaOH yielded about 250 (mg/g) total Sugars, but with the addition of peroxide the yield 
was almost doubled. The optimum dose of peroxide was 2.15% (v/v) [32]. Alkaline peroxide 
delignification of agricultural residues was shown to be strongly pH-dependent, with an optimum pH of 
11.5–11.6 [33].  
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Another leading pre-treatment method that is well suited for straws and other herbaceous and agricultural 
residues is ammonia fibre explosion. This is an alkaline thermal process that does not produce inhibitors 
for the downstream processes. It is distinctly different from other pre-treatment methods in that it does not 
significantly solubilize hemicelluloses. It tends to minimize sugar degradation that occurs in acid pre-
treatments. In this process, the straw is cooked at moderate temperatures (70-120ºC) with hot 
concentrated liquefied ammonia under pressure for a period of time followed by a rapid pressure release. 
When the pressure is released, the ammonia evaporates and is recovered, and the treated biomass is then 
more available for conversion to sugars. About 98–99% of the ammonia is recovered; the remainder can 
serve as a nitrogen source downstream for fermentation organisms. The yield of monosaccharides 
produced by enzymic hydrolysis of the pre-treated straw was found to be 37 g/l. The major parameters 
influencing this process are ammonia loading, temperature, blowdown pressure, moisture content of straw, 
and residence time. Small particle size is not required for efficacy in this process [4, 23, 24, 34-39].  
Mes-Hartree et. al. made a comparison between steam and ammonia pre-treatment of wheat straw. They 
reported that enzymatic hydrolysis was improved by several folds and more or less in the same order of 
magnitude for both pre-treatments. However, the highest glucose concentration (0.38 g/g dry mass) was 
achieved with ammonia treatment [40]. 
In ozonolysis, ozone is used at room temperature to solubilize and effectively remove lignin and a small 
fraction of hemicellulose from the straw without producing any toxic residues. The main drawback of this 
process is the large amount of ozone utilization that makes it expensive [24]. The ozonolysis pre-
treatment of wheat and rye straws was investigated by a number of workers. After ozonolysis of wheat 
straw, 75% of the cellulose was digested within 24 h as compared to 20% in untreated straw [41]. 
Enzymatic hydrolysis yield of up to 88.6% was attained with the treated straws compared to 29% in non-
ozonated straw [42]. 
Wet oxidation is an effective pre-treatment method for wheat and other straws. In this method, the straw 
is treated at elevated temperatures (above 120ºC) with water and oxygen or air at a high pressure ranging 
between 8 and 32 bars [43]. Of the three process parameters, namely oxygen pressure, reaction 
temperature and time, the temperature was found to be the most important [43]. Almost all hemicellulose 
(96%) is solubilized by pre-treatment with oxygen pressure and without carbonate. During the initial 
reaction in wet oxidation, acids are formed due to solubilization of hemicellulose components and these 
catalyze the subsequent hydrolytic reactions through which hemicelluloses are broken down into lower 
molecular weight fragments that are soluble in water. Lignin degradation and decomposition to CO2, H2O 
and carboxylic acids is also significant especially at the higher temperatures because phenol-like 
compounds and carbon–carbon linkage are very reactive under wet oxidation conditions [154]. Formation 
of some inhibitors of wheat Straw is reported including aliphatic carboxylic acids (mainly formic acid and 
acetic acid), phenols and 2-furoic acid [44]. 
Combination of alkaline and wet oxidation improves the rate of lignin oxidation and in turn enzymatic 
hydrolysis. Furthermore, alkaline addition decreases formation of furfural by more than tenfold. When 
wheat straw was treated by alkaline wet oxidation, a maximum delignification of about 65% and 
hemicelluloses solubilization of about 50% were obtained at 170ºC and 10 bar of oxygen pressure within 
10 min. [45].
5. Fungal Pre-Treatment 
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Fungal pre-treatment of lignocellulosic materials is an important biological pre-treatment method in 
which microorganisms are used for selective degradation of lignin and hemicelluloses. It is a safe, 
environmentally friendly and less energy intensive method compared to other pre-treatment methods. 
Fungal pre-treatment, however, has not received much attention in the past due probably to the substantial 
loss in cellulose and hemicellulose during the pre-treatment step and the very slow rate of hydrolysis 
reaction leading to long pre-treatment time, both of which tend to reduce the overall yield. 
The most effective microorganism that can be used for fungal pre-treatment of straws seems to be white-
rot fungi, but other microorganisms such as brown- and soft-rot fungi may also be used. Patel et al. 
evaluated five different fungi for pre-treatment of wheat straw. Pretreatment with Aspergillus niger and 
Aspergillus awamori showed the best results regarding yields of total sugars and ethanol after 
fermentation [46]. Hatakka investigated the pre-treatment of wheat straw using 19 white-rot fungi and 
found that 35% of the wheat straw was converted to reducing sugars after five weeks of pre-treatment 
with Pleurotus ostreatus compared to only 12% conversion of the untreated straw [47].  
Fungal pre-treatment using white-rot fungi (i.e. Pleutorus ostreatus) may also be used in combination with 
a further pre-treatment method such as ammonia pre-treatment in order to obtain a much shorter pre-
treatment time and minimized overall sugar loss [35]. The efficiency of the ammonia pre-treatment could 
be improved by the fungal conditioning of the straw prior to the ammonia pre-treatment as was found in a 
study on rice straw by Balan et. al. [35]. 
6. Liquid Hot Water Treatment 
Other methods investigated for the pre-treatment of straws include liquid hot water and steam explosion. 
In the liquid hot water treatment, pressure (P > 5 MPa) is applied to maintain water in the liquid state at 
elevated temperatures in the range of 170–230ºC [4]. A pilot scale plant, using two-step hot water 
treatment in continuous operation was developed for wheat straw by Petersen et al. In the first step the 
straw is soaked at 80ºC for 5–10 min followed by the second stage treatment at a temperature of 195ºC 
and 6–12 min. The treatment resulted in 70% and 93–94% recovery of hemicellulose and cellulose, 
respectively [48]. 
7. Steam Explosion Or Autohydrolysis  
In this process, the size-reduced straw is rapidly heated by high pressure steam for a period of time 
ranging from several seconds to a few minutes and then the pressure is suddenly reduced which makes the 
material undergo an explosive decompression. Temperatures in the range of 160–230ºC are generally 
applied in the treatment of wheat straw. The activation of lignin and changes in the cellulosic structure 
during the steam explosion process facilitate the formation of new bonds [49]. It is further postulated that 
the application of steam explosion pre-treatment disintegrates the organized and compact lignocellulosic 
structure of the biomass into finer components leading to the improvement of the compression and 
compaction characteristics, lowering the shear strength and making it easier to grind the straw, hence 
decreasing the specific energy required for grinding purpose [6, 18, 50]. The geometric mean particle size 
of steam exploded straw at any specific hammer mill screen size was found to be significantly smaller 
than that of the non-treated straw [18]. The bulk density was also significantly reduced as a result of the 
steam explosion treatment [18]. The effect of steam explosion on the particle density was found however 
to be different for different kinds of straw. Whereas the particle density of steam exploded barley, oat and 
Hassan Al-Haj Ibrahim\ / Energy Procedia 14 (2012) 542 – 551 5498 Hassan Al-Haj Ibrahim/ Energy Procedia 00 (2011) 000–000 
 
wheat straws was significantly higher than non-treated straws,  it was found to be lower for canola straw 
[18]. 
The efficiency of the steam explosion process is affected by several factors including temperature, 
residence time, particle size and moisture content. Addition of chemicals such as H2SO4, or SO2 can also 
improve the rate and extent of hemicellulose removal and lead to enhanced yield of enzymatic hydrolysis 
at lower temperatures [4, 51-53]. Using acid-catalyzed steam explosion, hemicellulose can be effectively 
removed from the straw providing high yields of fermentable sugars. The yield of monosaccharides 
produced by enzymic hydrolysis of the straw pre-treated by this method was found to be 42 g/l [23].  
8. Conclusion 
Steam explosion is probably the most suitable method for pre-treatment of straw in terms of lower 
reaction time, higher solid loading and minimum use of chemicals [4]. It is one of the most cost-effective 
and widely used pre-treatment methods for straw. The high energy consumption of the other pre-
treatment techniques including mechanical and chemical treatments may preclude their widespread use 
for the production of bioethanol from straw. In addition, the high consumption of chemicals and the 
corrosion problems associated with some of the chemical methods are further impediments to their 
selection as appropriate pre-treatment techniques. The fungal pre-treatment, on the other hand, is less 
energy intensive than the other methods, and more environmentally friendly, but the substantial loss in 
cellulose and hemicellulose during the pre-treatment step and the very slow rate of hydrolysis reaction 
tend to reduce its overall attractiveness.   
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